The rotational spectrum of the 36 S-bearing isotopologue of hydrogen sulfide (H 2 S) has been investigated for the first time in the 167 GHz−1.6 THz frequency range, thus providing an accurate and reliable set of spectroscopic parameters. The experimental investigation was backed up by state-of-the-art quantum-chemical calculations, which also allowed us to demonstrate the incorrectness of the previously reported spectroscopic constants. The present results are of suitable accuracy to attempt the astrophysical detection of the isotopic species under consideration. Finally, reliable predictions for the spectroscopic constants of other rare isotopologues of H 2 S, namely the mono-and bi-deuterated species containing 33 S and 34 S, are provided.
Introduction
Identification of a wide variety of chemical compounds in space, as well as in planetary atmospheres (see, e.g., the Cologne database 1 and the "astrochymist" website 2 ) has been made possible through the spectral signatures of astronomical bodies (Tielens 2013) . For their interpretation, laboratory measurements are essential, and rotational spectroscopy clearly plays here a leading role (e.g., Winnewisser et al. 1992) . The detailed spectroscopic characterization of gaseous hydrogen sulfide (H 2 S) is very relevant in the fields of astrophysical investigations, because H 2 S is one of the most abundant sulfurbearing gas-phase species in different astronomical objects, such as solar system giant planets, extrasolar planets, brown dwarfs, interstellar clouds, etc. (e.g., Thaddeus et al. 1972; Visscher et al. 2006; Zahnle et al. 2009 ). In particular, this molecule has been recognized as one of the key species for the detailed chemical and physical characterization of extrasolar planets. For that reason it has been included in the ExoMol project (Tennyson & Yurchenko 2012) , which aims at systematically providing line lists for molecules of astronomical importance. From a spectroscopic point of view, hydrogen sulfide is a light asymmetric-top molecule (similar to water) and is characterized by strong centrifugal-distortion effects. As a consequence, the convergence of the model Hamiltonians used to describe the rotational spectrum is very slow, so a large number of high-order parameters are needed to reproduce the experimental data. In these cases, the reliability of the determined
The complete list of measured transitions is only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/566/A52 1 http://www.astro.uni-koeln.de/cdms/molecules/ 2 http://www.astrochymist.org/astrochymist_mole centrifugal-distortion constants and their physical meaning need to be carefully checked .
Molecular isotope studies provide a key to understanding the evolution of elemental enrichment in the interstellar medium, including both stellar nucleosynthesis and the large-scale mixing of interstellar gas (e.g., Ikeda et al. 2002; Tielens 2013 (Thaddeus et al. 1972; Ukita et al. 1983; Minh et al. 1989 Minh et al. , 1990 Macdonald et al. 1996; Vastel et al. 2003) . The first step toward detecting isotopic species is to know either the transition frequencies or the corresponding spectroscopic parameters with suitable accuracy. The aim of the present study is to provide such information for the 36 S-containing isotopologue, whereas other rare isotopologues of hydrogen sulfide are only considered at the computational level.
The second issue to be addressed is the actual detectability in space of H 36 2 S. It has to be noted that on Earth its natural abundance is about 200 times smaller than for the already detected H 34 2 S (288 ± 1 in the solar system according to Ding et al. 2001 ), but it should be mentioned that two 36 S-containing molecules have already been detected in space (Mauersberger et al. 1996 (Mauersberger et al. , 2004 . In Mauersberger et al. (1996) the detection of C 36 S in eight Galactic molecular hot cores was reported. A comparison with the spectra of other isotopic species of carbon monosulfide led to a 34 S/ 36 S abundance ratio of 115 ± 17, which thus is smaller than in the solar system (Mauersberger et al. 1996) . This ratio is consistent with what has been determined by Mauersberger et al. (2004) , 107 ± 15, from the observation of the J = 2 ← 1 and 3 ← 2 rotational lines of C 36 S and the J = 5 ← 4 and 6 ← 5 transitions of Si 36 S in the carbon star IRC+10216. In A&A 566, A52 (2014) Fig. 1. The J = 5 4,1 ← 5 3,2 transition at 399.6 GHz (left side: P = 28 mTorr/3.7 Pa, mod. depth = 600 kHz) and the J = 4 2,3 ← 4 1,4 transition at 1023.4 GHz (right side: P = 57 mTorr/7.6 Pa, mod. depth = 1800 kHz) recorded in natural abundance. Mauersberger et al. (2004) , the peculiar enhanced 36 S abundance is discussed, but a number of open questions were left open, thus suggesting the need for further investigations. The observation of other 36 S-containing isotopologues would therefore be very useful in elucidating the nucleosynthesis processes that led to the formation of different sulfur isotopes.
In view of the interest in H 36 2 S pointed out above, we decided to extend the study of Azzam et al. (2013) in the millimeter-and submillimeter-wave ranges in order to improve the accuracy of the spectroscopic parameters determined there. In fact, in Azzam et al. (2013) , the rotational spectrum of H 36 2 S was measured at the SOLEIL synchrotron in the range of 1.8 to 6.7 THz with an accuracy of 15 MHz. However, such an investigation does not allow the rotational transitions to be predicted with the accuracy required for analyzing astronomical observations. Even worse is that, as demonstrated later in the text, the spectroscopic constants of Azzam et al. (2013) turn out to provide erroneous predictions for the rotational spectrum, at least in the millimeterand submillimeter-wave frequency range.
To clarify this point, we decided to compare the rotational parameters for different isotopic species of hydrogen sulfide and to perform state-of-the art quantum-chemical calculations of the spectroscopic parameters involved. Making use of accurate experimental data for the main isotopologue (Cazzoli & Puzzarini 2014) and of an empirical scaling procedure, these computations endorsed the search and assignment of the rotational spectrum of H 36 2 S as well as provided reliable spectroscopic constants for other rare, i.e., mono-and bi-deuterated, isotopologues of hydrogen sulfide.
Experimental and computational details

Measurements
Measurements were performed with a frequency-modulated, computer-controlled spectrometer working from 65 GHz to 1.6 THz (Cazzoli & Puzzarini 2006; Puzzarini et al. 2012b) , with the 167 GHz−1.6 THz frequency range considered in the present work. The millimeter-and submillimeter-wave sources employed, phase-locked to a rubidium frequency standard, were frequency multipliers driven by Gunn diode oscillators. The Despite the detection in natural abundance, it is apparent that the sensitivity of our spectrometer is such that we were able to record these transitions with a very good signal-to-noise ratio, thus retrieving the corresponding transition frequencies with an accuracy ranging from 30 to 100 kHz.
Computations
To support the experimental investigation, high-level quantumchemical calculations of the relevant spectroscopic parameters involved, i.e., the rotational and centrifugal-distortion constants, were carried out (Puzzarini et al. 2010; Puzzarini 2013) . The equilibrium rotational constants were derived in a straightforward manner from the equilibrium structure recently evaluated in Helgaker et al. (2013) by means of a state-of-the-art composite scheme (Heckert et al. 2005 (Heckert et al. , 2006 , which accounts for extrapolation to the complete basis-set limit as well as the inclusion of core correlation and higher excitations. Interested readers are referred to Helgaker et al. (2013) for a detailed account.
The ground-state rotational constants, B i 0 , were then obtained by correcting the equilibrium rotational constants, B i e , for vibrational effects via (e.g., Puzzarini et al. 2008; Mills 1972) ,
with
where the α i r 's are the vibration-rotation interaction constants with the sum running over all normal modes and the index i referring to the inertial axes (a, b, c) . These constants were obtained by means of second-order vibrational perturbation theory (VPT2; Mills 1972), as described in Stanton et al. (1998) . The required force fields were evaluated using coupled-cluster (CC) theory (Shavitt & Bartlett 2009 ) within the singles and doubles (CCSD) approximation augmented by a perturbative treatment of triple excitations (CCSD(T); Raghavachari et al. 1989) , thereby using the correlation-consistent cc-pCVQZ basis set (Dunning 1989; Woon & Dunning 1993; Peterson & Dunning 2002 ). The harmonic force field was obtained using analytic second derivatives (Stanton & Gauss 1997) , whereas the cubic force field was determined in a normal-coordinate representation via numerical differentiation of the analytically evaluated harmonic force constants (e.g., Stanton et al. 1998; Schneider & Thiel 1989; Stanton & Gauss 2000) . In addition to the vibration-rotation interaction constants, the computed force fields also enabled determination of the quartic and sextic centrifugal-distortion constants (Mills 1972; Aliev & Watson 1985; Puzzarini et al. 2012a) .
To show how the spectroscopic parameters change when moving from one isotopic species to another, the calculations described above were carried out for the main isotopic species, H 32 2 S, as well as for the 33 S-, 34 S-, and 36 S-containing isotopologues. To improve the theoretical predictions further, an empirical scaling procedure was employed, based on the available experimental spectroscopic constants for H 32 2 S (Cazzoli & Puzzarini 2014) . For a generic spectroscopic parameter X, the scaling is performed using the expression
where the superscript iso refers to either H 2 S to provide reliable spectroscopic parameters for future experimental investigations of these species.
All quantum-chemical computations described above were carried out using the CFour program package (Stanton et al. 2013 , http://www.cfour.de).
Results and discussion
As already mentioned in the Introduction, the spectroscopic parameters recently determined by Azzam et al. (2013) turned out to be unable to correctly predict the rotational spectrum of H 36 2 S in the millimeter-and submillimeter-wave frequency ranges. This finding is illustrated in Fig. 2 , which shows a portion of the rotational spectrum of hydrogen sulfide at 731 GHz. The recorded J = 5 5,1 ← 5 4,2 transition of H 36 2 S is displayed together with its predicted position according to the spectroscopic constants of Azzam et al. (2013) : a mismatch of about 98 MHz is observed. Other attempts to observe rotational transitions for H 36 2 S also indicated that the parameters reported in Azzam et al. (2013) are unreliable and thus not really useful for spectroscopic predictions. In fact, several centrifugal-distortion constants reported by Azzam et al. (2013) have opposite signs in comparison to those of the other isotopologues. Furthermore, three sextic terms were not determined despite the fact that higher-order constants were included in the fit. A closer inspection of the rotational constants furthermore reveals that they do not comply with the trend seen when moving from one isotopologue to another. For this reason, we resorted to the computational investigations described above and proceeded as follows. First, we considered the computational results for H 32 2 S, H 33 2 S, and H 34 2 S, for which reliable experimental data are available. The main purpose is here to validate the scaling procedure described in the previous section. Then, once its reliability has been demonstrated, the scaling was applied to the parameters of H 36 2 S to check the constants given in Azzam et al. (2013) and to obtain reliable predictions for guiding the search and assignment of its rotational spectrum.
The results obtained for H Table 1 , where both the calculated rotational and quartic and sextic centrifugal-distortion constants are compared to the scaled ones, along with their experimental counterparts (Cazzoli & Puzzarini 2014; Azzam et al. 2013 ). Good agreement between the scaled and experimental results for H 33 2 S and H 34 2 S is noted, thus confirming the reliability of the scaling procedure. In detail, we note that the discrepancies with respect to experiment are negligible for the rotational constants, i.e., on the order of 0.0001%, while they range from ∼0.001% to ∼0.01% for the quartic centrifugal-distortion constants and amount to less than 1% for the sextic centrifugal terms. Subsequently, the scaling procedure applied to H 36 2 S led to the results reported in Table 2 , where they are compared to those of Azzam et al. (2013) . We note that the rotational constants of this work deviate from our scaled estimates by 8 to 20 MHz. Large discrepancies are also observed for the centrifugal-distortion constants, with even a sign change in the case of the sextic h 1 term. Figure 3 shows the comparison of the predicted rotational spectrum in the 700−800 GHz frequency range based on our scaled parameters with the one based on the spectroscopic constants of Azzam et al. (2013) . We note that the deviations range from 30 to 184 MHz. In the lefthand inset, the actually recorded lines are depicted as well, thus demonstrating the good agreement of the observed spectrum with the present prediction. (a) Cazzoli & Puzzarini (2014) .
(b) Azzam et al. (2013) . Based on the scaled spectroscopic parameters, we searched for and assigned the rotational transitions of H 36 2 S in the 167 GHz−1.6 THz range mentioned above (the complete list of measured transitions is available in electronic form at the CDS). These were then included in a global fit that also involves the frequency values for the vibrational ground state up to about 6.7 THz from Azzam et al. (2013) . As for the other isotopic species of hydrogen sulfide (Cazzoli & Puzzarini 2014; Azzam et al. 2013) , the fitting procedure was carried out with Pickett's SPFIT program (2009; Pickett 1991) employing Watson's S -reduced Hamiltonian in the I r representation (Watson 1977) with each transition weighted proportionally to the inverse square of its experimental uncertainty. In total, 112 distinct frequency lines were used for obtaining 24 distinct constants up to the eighth-order centrifugal-distortion terms (plus one decic constant). The results are collected in Table 2 , and they show the same good agreement with the scaled parameters as the one we already noted for the other isotopologues. This further confirms that the parameters of Azzam et al. (2013) are not reliable, despite being rather well determined. The problem in the spectroscopic analysis reported in Azzam et al. (2013) is probably due to the lack of transitions recorded in the lowfrequency regime.
The present case is thus an illustrative example of the importance of having good theoretical estimates to rely on when a spectroscopic characterization is carried out for the first time: that is, with the availability of such estimates, the determination of unreliable parameters in Azzam et al. (2013) could have been avoided. The use of theoretical data is particularly important when a limited set of data is available, since this can easily lead to different sets of parameters from fits that all show acceptable standard deviations. In fact, none of the transitions from Azzam et al. (2013) was discarded from our fit. By comparing the present results with those by Azzam et al. (2013) , it is also evident that, as a consequence of the deviations affecting the rotational and quartic centrifugal-distortion constants, some sextic and octic centrifugal-distortion constants could not be determined. On the other hand, in Azzam et al. (2013) inclusion of higher-order terms was required to reproduce the measured transition frequencies, while in the present study we demonstrated that they are not needed.
A final comment concerns the very first attempt to observe the rotational spectrum of H 36 2 S. In Saleck et al. (1995) , the authors investigated the millimeter-and submillimeter-wave spectra of various rare isotopologues of hydrogen sulfide. While they provided a rather good spectroscopic characterization of the 33 S-and 34 S-containing species, they only tentatively assigned three rotational transitions to H 36 2 S. As pointed out in Azzam et al. (2013) , only one of the latter (the J = 2 0,2 ← 1 1,1 transition at 686.8 GHz) actually belongs to the molecule under consideration, while the other two show deviations of several hundred MHz from the actual lines of H 36 2 S. Finally, to provide reliable spectroscopic parameters for future experimental investigations, the scaling procedure described above was also applied to several rare mono-and bi-deuterated isotopologues of hydrogen sulfide. Owing to the considerable change in the spectroscopic parameters upon deuteration, HD 32 S and D 32 2 S were used here as parent species for the mono-and bi-deuterated species, respectively. The scaled spectroscopic parameters of HD 33 Camy-Peyret et al. 1985) . For HD 32 S, the experimental rotational and centrifugal-distortion constants are those recently obtained by the present authors (Cazzoli et al., in prep.) , while for D 2 S the experimental parameters were obtained from a fit of the transitions available in the Cologne database (Müller et al. 2001; Müller et al. 2005) , thereby using Watson's S reduction. (The reader is also referred to the original works : Hillger & Strandberg 1951; Camy-Peyret et al. 1985 .) For D 34 2 S, good agreement is observed, thus suggesting that the rotational and quartic centrifugal-distortion constants of Camy-Peyret et al. (1985) should be considered reliable. With the present study, we therefore can only improve the spectroscopic characterization by providing reliable sextic terms. In Camy-Peyret et al. (1985) , the sextic and higher order terms were kept fixed at the corresponding values for D 32 2 S. For HD 34 S, the differences between the scaled and experimental rotational constants range from 5 MHz for A to ∼37 MHz for C and ∼39 MHz for B. In view of the proved reliability of our scaled parameters, an experimental re-investigation is deserved for this isotopic species. For HD 33 S and D 33 2 S, our scaled parameters provide the first isotopic characterization.
Conclusions
In the present work we have presented the first complete, accurate spectroscopic characterization of the rotational spectrum of H 36 2 S. A key point was the interplay of theory and experiment, which revealed the incorrectness of the previously reported spectroscopic constants and provided reliable parameters to guide the experimental investigation. The latter was made possible thanks to the high sensitivity of our millimeter-/submillimeter-wave spectrometer, which permitted the rotational spectrum of this rare isotopologue to be recorded in natural abundance (0.02%) with an extremely good signal-to-noise ratio. 2 S in the 700−800 GHz frequency range: the predictions obtained using our scaled parameters (in blue) and those based on the spectroscopic constants of Azzam et al. (2013) are compared. In the insets, this comparison is shown in more detail; on the left side, a comparison with the recorded spectra is provided. Camy-Peyret et al. (1985) .
isotopologue of one of the most abundant sulfur-bearing gasphase species in different astronomical objects, we thus offer a reliable opportunity for accomplishing this task.
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